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Abstract 
Optical payloads comprise optical elements like lens or mirrors which are fragile and most susceptible to failure. It is paramount 
that the design enables the payload to give best performance in terms of optical parameters and survivability is the rudimentary 
design constraint. Simulation is carried out based on the load levels on a vibration shaker with prescribed input given to the 
shaker bed. Since the mechanical impedance for the shaker bed is infinite, the constraint forces are higher than what would 
actually be observed due to the dynamic absorber effect. NASA provides a semi-empirical method which enables us to compute 
the force limit spectrum based on the payload and deck model. This provides a notched input spectrum which alleviates over 
testing of the payload. Fabrication of optical elements is a costly affair, so physical testing cannot be carried out until confidence 
is achieved regarding stress levels in the optical element. This calls for a methodology for analytical stress prediction. In this 
manuscript, we demonstrate a methodology to predict stresses in components analytically after predicting the notched input 
profile based on force limits before proceeding to testing at full level. We have also established a methodology to calculate sum 
of constraint forces in case of multiple constraint system taking into account the phase of the forces. FE and programming tools 
have been used in this work. A methodology which instils confidence in designer to test optical payloads at full level was 
successfully developed and demonstrated on an electro-optical payload. Stress profiles were computed analytically on all mirrors 
before going for actual testing.  
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of INEGI - Institute of Science and Innovation in Mechanical and Industrial Engineering.  
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1. Introduction 
Electro-optical payloads are fragile and design should be performed meticulously. A payload's lifecycle includes 
fabrication, assembly, transportation, launch and in-orbit functionality. It experiences different load levels during 
these facets of life with the launch loads being of prime importance. A payload must survive the launch loads while 
it is seated in the payload fairing during its launch. This forces us to test our payloads at these levels to ensure its 
survivability. 
Ground testing of payloads is done on a vibration shaker which is supposed to be analogous to the spacecraft deck 
on which the payload is mounted. Since the shaker bed is infinitely heavy when compared to the spacecraft deck, its 
mechanical impedance is infinite. This leads to over testing of the payload, since the constraint forces observed are 
higher than what would be actually observed. 
T D Scharton (1997) [1] discusses three methods of solving this over testing problem 1) "build it like a brick" 2) 
mechanical impedance simulation and 3) response limiting. While some aerospace components are still "built like a 
brick", optical payloads cannot be designed like a brick because of launch costs. The two historical methods of 
alleviating over testing, impedance simulation and response limitation, are both closely related to force limiting. 
A mechanical impedance simulation technique called the "N plus one structure" concept, which involved 
incorporating a portion of the mounting structure into the vibration test was developed at NASA's Marshall Space 
Flight Centre (MSFC) and is discussed by C T Morrow (1960)[2]. He reports that this method is advantageous if 
acceleration input is monitored internally at the mounting structure - test item interface but instead if acceleration is 
specified at the interface between shaker and mounting fixture, impedance simulation is greatly hindered. 
Response limiting method is described in detail in NASA Force Limited Vibration Testing monograph published 
in May 1997. Force limiting method is one which has replaced response limiting over the last couple of decades. The 
main drawbacks of response limiting is that it is often impossible to measure responses at critical locations on the 
test item because of accessibility limitations especially in optical components. Hence, it relies on predicted response 
values and then apriori shape the input acceleration to equate the responses. The uncertainty in prediction of 
resonance frequencies on the shaker is 10-20%, so any notched based on pre-test analysis must be very wide and this 
may result in under testing at frequencies other than resonances.  
Force limit methodology which is widely used now, is based on limiting the constraint forces which is analogous 
to the force experienced by the CG of the test item. NASA provides three methods in [1] for computation of force 
limits based on TDFS namely, 1) simple TDFS method 2) complex TDFS method and 3) semi-empirical method. 
Details of the first two methods are given in [1]. The semi-empirical method requires only the test and source mass 
data, based on which the semi-empirical constant C is predicted and force limit is henceforth computed. In this work, 
we have used the semi-empirical method for computation of force limits. 
The problem addressed in this work is that even after applying the computed force limits there is no way to 
confidently know whether the stress produced in the optical components will be below the acceptable limits. It leads 
to a predicament whether we can conduct full level vibration on test model based solely on the force limit data. This 
manuscript provides a methodology to predict stress in the critical components analytically. This data provides a 
platform to proceed with full level tests. During this work, a methodology to find resultant of constraint force in 
dynamic frequency response testing condition by taking phase into account was also developed. We have also 
developed a spectrum generator which can be used to calculate PSD or FSD spectrum at continuous or discrete 
frequencies. 
Nomenclature 
FLVT force limited vibration testing  
TDFS two degree of freedom system 
PSD power spectral density 
FSD  force spectral density 
EO  electro optical 
C  semi-empirical constant 
PM primary mirror 
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SM secondary mirror 
TM tertiary mirror 
DHA detector head assembly 
RA random acceptance 
1.1. Semi-empirical method of Force Limit computation 
The semi-empirical approach to deriving force-limits is based on the extrapolation of interface force data for 
similar mounting structure and test items. The following form of semi-empirical force limit for sine or transient tests 
was proposed in 1964 [4]: 
ܨଵ ൌ ܥܯ௢ܣ௦                                                                                                              (1) 
where  F1 is the amplitude of the force limit, C is a frequency dependent constant which depends on the 
configuration, Mo is the total mass of the load (test item), and As is the amplitude of the acceleration specification. 
For random vibration tests, the suitable form of eq. (1) is:  
ܵிி ൌ ܥଶܯ௢ଶ ஺ܵ஺                                                                                                                                                   (2) 
where SFF is the force spectral density and SAA is the acceleration spectral density. 
Eq. (2) has been further refined based on Newton's second law for random vibration and this has been extensively 
discussed in the 1970s [5,6] . Based on an assumption of a one-over frequency fall-off of the asymptotic load mass, 
leads to the following form of eq. (2): 
ܵிி ൌ ܥଶܯ௢ଶ ஺ܵ஺ǡ݂ ൏ ௢݂                                                                                                                  (3) 
ܵிி ൌ ܥଶܯ௢ଶ ௌಲಲቀ௙ ௙೚ൗ ቁ
మ ݂ ൐ ௢݂                                                                      
The eq. (3) shown above is the final form of predicted force limits. The value of C has to be chosen based on 
prior judgment and reference to test data of similar configurations. 
1.2. CAD and FE model of EO payload 
The Computer Aided Model of the EO payload analyzed in this manuscript is shown below. It has three optical 
elements namely, Primary Mirror, Secondary Mirror and Tertiary Mirror. The attachment of mirrors is through 
mirror fixing devices (MFDs) to the primary structure made of Invar. The mirror is made of Zerodour whereas all 
interface rings and MFDs are made of Invar as well. The Detector Head Assembly (DHA) is at one of the extreme 
ends.  
 
Fig .1. (a) CAD model depicting the PM,SM, TM and DHA; (b) FE model of the same. 
Z(Roll) 
Y(Pitch) 
X(Yaw) 
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1.3. Procedure 
The following procedure has been established by us for prediction of stress in optical elements using analytical 
methods and preliminary vibration tests. 
1. FE model was made. 
2. Low Level Sine tests at 0.2 g level was conducted on test model and sum of constraint force was 
obtained from data acquisition system. 
3. The same test is repeated in FE software after conducting modal analysis. 
4. Damping value is tweaked in order to obtain the equivalent viscous damping value to in order to match 
response at critical location in the analysis. 
5. Now summation of constraint forces of different lugs obtained from different lugs is carried out with 
phase of the force data as a parameter in summation. It is matched with test results. [Appendix A] 
6. Low Level Random run is carried out at 0.0002 g2/Hz on the test model and the same is replicated on 
the analytical platform. 
7. Now another test is carried out at -20 db of full level and results are replicated on the analytical 
platform. 
8. Force Limits are computed based on the semi-empirical method and applied on the test model in the 
next run at the same level. 
9. The notched input acceleration profile is obtained from testing and the same is computed using 
analytical and programming tools. 
10. Now this input profile is fed in analysis and all responses are obtained and matched with test results. 
11. The stress values are obtained from analysis on the critical components. 
12. Steps (7-10) repeated for full level (8.3 g rms) and stress values obtained. 
2. Observations and Results 
The response match for various runs are tabulated below. The accelerometers were put on critical locations on the 
structure. Excitation direction is the payload YAW direction: 
It can be noted that full level experimental results are not available because we could not subject test model to 
those levels without simulating the levels analytically beforehand and obtaining an idea of the stress levels in 
mirrors. This was the primary aim of the exercise. 
 
Fig.2. -20 db RA Force limit value and limited profile along with notched input acceleration. 
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Table 1: Comparison of results between analytical and experimental values for different levels w/o Force Limit. 
Test Name Response Parameter Analytical Experimental 
 
 
LLS 0.2 g YAW 
PM Back Side YAW 12.3 g 15.5 g 
PM Centre YAW 10.4 g 12.9 g 
SM Centre YAW 1.9 g 1.22 g 
TM Centre YAW 2.18 g 1.62 g 
Force Sum 2430 N 2190 N 
 
 
LLR 0.0002 g2/Hz 
PM Back Side YAW 2.82 g rms 2.23 g rms 
PM Centre YAW 1.93 g rms 1.59 g rms 
SM Centre YAW 1.35 g rms 1.83 g rms 
TM Centre YAW 1.26 g rms 1.34 g rms 
Force Sum 656 N rms 401 N rms 
 
 
-20 db of RA 
PM Back Side YAW 2.82 g rms 2.25 g rms 
PM Centre YAW 1.93 g rms 1.61 g rms 
SM Centre YAW 1.34 g rms 1.82 g rms 
TM Centre YAW 1.25 g rms 1.27 g rms 
Force Sum 652.1 N rms 392 N rms 
 
 
Full level (RA) 8.3 g rms 
PM Back Side YAW 44.59 g rms - 
PM Centre YAW 30.5 g rms - 
SM Centre YAW 21.22 g rms - 
TM Centre YAW 19.8 g rms - 
Force Sum 10320.5 N rms - 
 
The notched input profile was available from vibration test on the model for the last two random runs. This was 
computed analytically and the following plots show the match obtained between the two. 
 
 
Fig.3. -20 db RA notched spectrum comparison. 
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Fig. 4. RA (8.3 g rms) notched input spectrum comparison. 
It can be observed from the plots that the notched profile shows a good match with the experimental for the first 
or primary mode. 
3. Results for Stress  
The stress was computed on the mirrors and MFDs. The results shown are for notched input profile of full 
level. All the stress values are in Pa rms. 
3.1 Primary Mirror and MFD 
 
Fig 5. Stress concentration on primary mirror. 
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Fig 6. Stress concentration on PM MFD and interface ring. 
3.2 Secondary MFD 
 
Fig 7. Stress concentration on Secondary Mirror MFDs. 
The maximum stress values for primary mirror observed is 0.84 MPa RMS for the analytically predicted notched 
input for full level random analysis. According to the 3σ rule assuming normal (Gaussian) distribution of stresses, 
we obtain a value of 2.52 MPa RMS which is still less that the yield strength of Zerodour which is 10 MPa. The 
maximum stress levels in Primary Mirror MFDs is 92 MPa RMS which according to the 3σ rule is 276 MPa RMS 
and still less than yield strength of Invar which is 300 MPa. 
4. Conclusions 
In this work we have successfully demonstrated a methodology to predict stresses in optical elements for an EO 
payload for FLVT. In case of this EO payload, we observe that stresses are within the allowable limits (yield 
strength), 10 MPa for mirrors made of Zerodour and 300 MPa for MFDs made of Invar. This gives us confidence to 
go forth with vibration on the test model at full level. 
Force Limiting Vibration Testing is an efficient tool to simulate actual launch loads on the payload. In the course 
of this work some key lessons were learnt. Firstly, the mismatch in some of the responses, analytically from the 
experimental value in case of the sine test has to be incorporated deliberately to obtain a closer match between force 
summation data while at the same time keeping the response of the mirrors as close as possible to the observed 
value. These numbers will be arrived at by iterations to obtain an appropriate value of equivalent viscous damping. 
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It was also learnt that one of the limitations of FEA software is that localized structural damping values cannot be 
used in analysis. This limits the control, tweaking damping values provides us over the response at different points. 
Due to this fact, we have to establish a middle ground and look to use a value which serves our purpose and 
minimizes error across responses. 
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Appendix A. Force Summation with phase 
We start with two sine signals which invariably represent the constraint force signals at the same frequency in 
frequency domain, 
 
ܵͳ ൌ ܣଵ ሺߠ ൅ ߮ଵሻ    and      ܵʹ ൌ ܣଶ ሺߠ ൅ ߮ଶሻ                                                                                            (4 - 5) 
 
Now, summation of the two by applying simple trigonometric formulae, 
 
ܵݎ݁ݏ ൌ ሺܣଵܿ݋ݏ߮ଵ ൅ ܣଶܿ݋ݏ߮ଶሻݏ݅݊ߠ ൅ ሺܣଵݏ݅݊߮ଵ ൅ ܣଶݏ݅݊߮ଶሻܿ݋ݏߠ                                                                          (6) 
We know that the resultant of these signals must be of the form: 
ܵݎ݁ݏ ൌ ܣ௥௘௦൫ݏ݅݊ሺߠ ൅ ߮ሻ൯ ൌ  ߠ ሺܣ௥௘௦ܿ݋ݏ߮ሻ ൅  ߠ ሺܣ௥௘௦ݏ݅݊߮ሻ                                                                          (7) 
So, combining eqs. 6 and 7, we have, 
ܣ௥௘௦ܿ݋ݏ߮ ൌ ሺܣଵܿ݋ݏ߮ଵ ൅ ܣଶܿ݋ݏ߮ଶሻ ൌ ܺ                                                                                                                   (8) 
ܣ௥௘௦ݏ݅݊߮ ൌ ሺܣଵݏ݅݊߮ଵ ൅ ܣଶݏ݅݊߮ଶሻ ൌ ܻ                                                                                                                     (9) 
Solving the above group of equations, we have, 
ܣ௥௘௦ ൌ ඥሺܺଶ ൅ ܻଶሻ       and       ݐܽ݊߮ ൌ ܻ ܺൗ                                                                                                     (10-11) 
The above solution can be extended to n sine signals, 
ܺ ൌ σ ܣ௜௡௜ୀଵ ܿ݋ݏ߮௜                                                                                                              (12) 
ܻ ൌ σ ܣ௜௡௜ୀଵ ݏ݅݊߮௜                                                                          (13) 
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